Abstract. In the present article we describe CFD simulations of the well known NREL Phase-VI rotor in axial flow conditions using a newly developed technique of combining turbulence modeling by the Delayed Detached Eddy Simulation (DDES) technique with laminar/turbulent transition modeling by a correlation based method. We demonstrate how the power production around the onset of stall is very dependent on the turbulence intensity in the inflow. Additionally, we compare with measurements and illustrate how the unsteady loads from the DDES simulations can provide valuable insight in the transient behavior of the rotor loads.
Introduction
The NREL Phase-VI rotor has been intensively studied since the first measurements were released in 2000 see the references of Fingersh et al. [1] and Simms et al. [2] , and it has provided valuable insight into the aerodynamics of wind turbines, due to the high degree of details in these measurements, even down to time histories of the surface pressure. These data have played a strong role in the verification of CFD codes over the last more than 10 years, starting with the work of Sørensen [3, 4] , Xu et al. [5] , Duque et al. [6] and Benjanirat et al. [7] . Most of the studies have focused on the axial flow cases and has focused on time averaged loads, even though also the yaw cases have been investigated eg. early studies of Sørensen [3] and in the work of Madsen et al. [8] . In the present work the NREL Phase-VI experiment is used to validate unsteady loads during stall on the turbine operating in upwind configuration with axial flow. compared to the earlier computations of the Bertagnolio et al. [17] , using higher grid resolution, DDES turbulence modeling and transition modeling.
The rotational motion is simulated by a moving mesh method, where the grid points in the computational mesh are all moved together as a solid body using a a general deforming mesh (DM) formulation in a fixed frame of reference. To assure that no artificial mass sources are generated by the mesh movement, the mesh velocities needed for the convective terms are computed enforcing the space conservation law, as described by [18] .
The EllipSys3D code is second order accurate in time, using a second order backward differencing time discretization and sub-iteration within each time step. In the present computation, the diffusive terms are discretized with a second order central differencing scheme. The convective fluxes are computed using the QUICK scheme in the RANS regions while a fourth order central scheme is used for the regions where the DDES model has switched to Large Eddy Simulation (LES) technique.
The simulations are computed as transient runs with 1700 time-steps per revolution, and using 12 sub-iterations in each time-step. For the coarser grid levels only 850 time-steps are used per revolution.
The turbulence intensity at the rotor location is controlled by the specified inflow values of the turbulent kinetic energy k and the specific turbulence dissipation rate ω, along with the decay of the turbulence from the inlet to the rotor location. The decay can by estimated by the formula given by Langtry et al. [19] , where t is the transport time computed from the free stream velocity and the distance from the inflow boundary to the rotor location:
β , with β = 0.09 , and β * = 0.828 .
Computational Grid
The mesh used for the present computations is based on an O-O topology. The surface mesh has 256 cells around the airfoils, 256 cells in the span-wise direction for each blade, and 256 cells in the wall normal direction. To facilitate the resolution of the tip of the blade, a 64 × 64 block is placed at each of the blade tips. The volume mesh is generated by the in-house HypGrid3D enhanced hyperbolic code. The y + values at the wall are kept below 2 everywhere on the blade surface. The mesh consists of a total of 136 blocks of 64 3 cells or a total of 36 million points. Wall boundary conditions in the form of no-slip boundary conditions are applied at the surface of the rotor blades. Inlet conditions in the form of Dirichlet conditions are specified over the part of the outer boundary shown in Figure 2 , placed 10 rotor diameters from the rotor center. For the remaining part of the the outer boundary, the part of the outer surface not shown in Figure 2 , outlet conditions are specified in the form of zero normal gradient conditions. In contrast to typical RANS style computations, the grid resolution in the span-wise direction is highly increased to produce an area of nearly cubic cells in the vicinity of the rotor to allow optimal resolution of the small vortices near the rotor blades.
Results
The cases considered in the present work corresponds to the S-series from the Unsteady Aerodynamics Experiment Phase VI rotor from the National Renewable Energy Laboratory, see the report of Hand et al. [20] . The two-bladed 10.058 m diameter Phase VI rotor geometry is based on the S809 aerofoil, and details about the blades can be found in the report of Giguere and Selig [21] . For the cases considered in the present study, the rotor cone angle was set at 0 • . The blade pitch angle was set at 3 • , which rotated the blade tip chord-line 3 • towards feather, relative to the rotor plane, pointing the leading edge into the oncoming wind. In this investigation, only the upwind configuration will be examined. and a viscosity of 1.769 −5 kg/(ms) are used. Most cases are computed with an inflow turbulence intensity of 0.5% at the rotor location while a few additional computations are performed around stall to illustrate the high inflow dependency of the flow around stall. A qualitative picture of the wake predicted behind the rotor at 12 m/s by the present method can be seen in Figure 3 , where the wake is visualized by the absolute value of the vorticity. To quantify if the grid resolution is sufficient, the variation of the computed low speed shaft torque (LSST) for three different grid resolutions are investigated, using the grid sequencing capability of the Ellipsys3D code. The solution is initiated on a coarse version of the actual grid, constructed by successively removing every other point several times. In the present computations, three level of coarsening is used. The solution is initiated on level 3, where the fine grid have been coarsened two times and the number of cells is 64 times smaller than on the fine grid. Subsequent the solution is continued on level 2 where the number of grid points is 1/8 of the full grid, and finally the solution is finalized on level 1.
Looking at the low inflow turbulence cases the behavior of LSST as function of number of grid with only 128 cells in chord-wise direction this criteria is not fulfilled, see the report of Sørensen [22] . In contrast, the high turbulent case where the transition point is placed close to the leading edge at 12 m/s exhibit much less grid dependency, see Figure 4 . For the 20 m/s case, level-3 is used between revolution 0 and 1, level-2 between revolution 1 and 2, while level-1 is used between revolution 2 and 15. For the 20 m/s case where the angle of attack is higher the transition point is again place close to the leading edge, and the grid dependency due to the transition model is again week. There is a clear shift in torque level between running on level-3 and level-2 while the change between level-2 and level-1 is minor. Based on these figures it is concluded that the grid resolution is sufficiently fine to give reasonable grid independent results, especially above 12 m/s where the major part of the unsteady shedding takes place.
The agreement of the predicted LSST to measured values is very similar to the agreement observed in earlier studies using RANS, e.g. the ones of Sørensen et al. [23] . In a previous study, it was shown that a strong dependency on inflow turbulence intensity of the LSST is observed using the transition model especially around stall, see Sørensen et. al. [16] . Here this behavior is reproduced with the DDES methodology only around the stall wind speed at 12 m/s, further investigations are not pursued due to the cost of the computations.
The conclusion from the present study is that the combination of the DDES methodology and transition modeling do not directly improve the prediction of the LSST or power production of the turbine, even though it comes at a considerable increase in mesh resolution and computational time.
Even though the new technique combining DDES and transition do not change the the quality of the mean power prediction, its value could for some application be its ability to predict the unsteady loads on the rotor, a thing that steady and unsteady RANS is not capable of. In order to show the difference between URANS and the DDES methodology, a single case of the present setup with unchanged grid and time-stepping was computed with URANS instead of DDES. As can be seen from Fig. 6 , generally the energy content in the URANS is considerably lower than predicted by the DDES between a factor of 10 to nearly 100 especially at low frequencies. As seen in several previous studies URANS often produces very little unsteadiness even in separated flow, this can also be observed in the present study where the energy at high frequencies are often a factor of more than 10 lower than the DDES predictions.
The fact that even the DDES underestimate the energy contents, can be explained by two factors. First of all the lack of resolved turbulence in the inflow where the turbulence is not resolved but just modeled through the k-equation, this will results in a fully steady loading on the rotor blade for attached cases leading to underestimation of the spectra at low frequencies. Secondly, the finite resolution of the computational grid makes it impossible to resolve the very small turbulent eddies and is therefor responsible for some of the underestimation of the power spectra at high frequencies.
To illustrate the capabilities of the DDES we will look at the power spectral density of the thrust coefficients at several radial locations and for several wind speeds, and compare these to measurements, see Figure 6 -9. For the lowest wind speed considered here, 10 m/s the flow is weakly stalled, and behaves very similar to a standard unsteady RANS prediction giving a steady solution without any significant time variations in the forces. Due to this the low wind speeds fails to give a meaning full power spectra, and no spectral results are shown.
For the 12 m/s case, the time history of the sectional forces start to exhibit unsteady behavior, see Figure 7 , but no dominant shedding is observed in neither the computed or the measured frequency spectra. For the the 15 and 20 m/s cases, respectively the three and two innermost sections exhibit a clear vortex shedding frequency both in the measurements and in the computations. Besides the qualitative agreement, the predicted location of the frequency agrees well with the measured frequencies. Even though the frequencies are well predicted, there is due to the lack of resolved inflow turbulence and finite grid resolution some disagreement between the actual level of the power spectra, where the measured power spectra especially at higher Defining the Strouhal number for the vortex shedding as St = c sin α f /U e f f , where c is the airfoil chord length in meters, α for simplicity is taken as the geometrical angle of attack, and U e f f is the effective velocity seen by a given airfoil section in meters per second. The geometrical properties of the rotor can be seen from Table 1 , while the U e f f and shedding frequency extracted from the power spectra can be seen from Tables 2 and 3 . The expected behavior from early studies of flat plates at high angle of attack and bluff body flows is a Strouhal number around 0.15-0.18 based on the previous definition, see the work of Fage and Johansen [24] and the work of Roshko [25] . The Strouhal number at the most inboard station seems to fit well with these expectations, while a much lower value is observed at the outboard stations. Generally, the computed shedding frequencies shows good agreement with the observations as seen from the spectral plots and comparing with values extracted from Figure 6 in the work of Schreck [26] . The disagreement at the 0.63 radius for the 20 m/s situation is related to the sudden decrease observed experimentally when the wind speed increases from 19 to 20 m/s.
Looking at the shedding frequencies, it is observed that the frequency is approximately constant for the full blade span, see Table 2 and 3. As the inboard section Strouhal number behaves in accordance with expectations from non-rotating airfoil and bluff bodies, we speculate that due to the radial effects of the rotating system the outboard stations are forced to follow the frequency dictated by the inboard station instead of producing their natural Strouhal frequency.
This could be seen as both negative and a positive effect, as it may allow a simple control over the possible frequencies that will appear on the stalled rotor, while on the negative side the filtering property of the rotor is lost when all sections are stalling in phase. 
Conclusion
A series of zero yaw rotor computations are performed using a new methodology combining the Delayed Detached Eddy Simulation technique with laminar turbulent transition modeling.
It is discussed how the present methodology predict time averaged quantities e.g. the LSST with similar accuracy as the standard RANS approach for the present rotor. Similar to earlier findings using RANS, it is found that the LSST around the onset of stall is heavily influenced by the laminar turbulent transition process through the inflow turbulence intensity.
Due to the inherent unsteady nature of the present method it is well suited for predicting the vortex shedding frequency, and the predicted shedding frequencies show excellent comparison with the UAE Phase-VI experimental values. Due to lack of resolved inflow turbulence and the cut off at high frequencies due to limited grid resolution, the energy level is not well captured, but still severely improved compared to URANS type simulations. The present computations and the UAE Phase-VI experimental data indicate that the frequency of the vortex shedding for the full blade is dictated by the inboard sections and the overall three-dimensional flow field structure over the blade 
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